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Introduction {#sec1}
============

The ubiquitin-proteasome system plays a pivotal role in various cellular processes, including cell cycle progression, cell proliferation, and differentiation ([@bib15]). Substrate proteins are ubiquitylated by the enzymatic cascade consisting of ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3) ([@bib34]). These ubiquitin transferase reactions result in the formation of polyubiquitin chains on substrates, which are recognized by the 26S proteasome, followed by rapid irreversible degradation. Among the three enzymes, the E3 ubiquitin ligases are central to determining the timing and specificity of substrate proteolysis.

There are two conserved ubiquitin ligases that regulate cell cycle progression: anaphase promoting complex/cyclosome (APC/C) and Skp1-Cdc53/Cullin-1-F-box (SCF) ([@bib32; @bib33]). Although these two E3s appear to have diverged from a common ancestor, they show one important difference in substrate recognition; whereas APC/C recognizes a small motif within individual substrates, called the "destruction box" or "KEN box," SCF binds specifically to phosphorylated substrates. Therefore, it is generally accepted that the main spatiotemporal regulation of SCF-mediated proteolysis occurs via substrate phosphorylation by cell cycle-regulated protein kinases, rather than activation and inactivation of this ligase complex itself.

Hsk1/Cdc7 protein is a serine/threonine protein kinase, which is conserved from yeast to human ([@bib23; @bib35; @bib39]). Mutants in *hsk1^+^* in fission yeast and *CDC7* in budding yeast show defects in the initiation of DNA replication, indicating that the activity of the protein is essential for S phase progression. Hsk1/Cdc7 has a regulatory subunit, Dbf4/Dfp1 (Him1), and as such this kinase complex is called Dbf4-dependent protein kinase (DDK). In budding yeast, Dbf4 is a substrate of APC/C, whereby Cdc7 kinase activity is low during G1 and becomes activated coincident with the initiation of S phase ([@bib9; @bib47]). Although it remains to be established whether Dfp1/Him1 is under the control of APC/C in fission yeast, the expression of Dfp1/Him1 is known to be regulated by the cell cycle, peaking at the G~1~/S transition when the protein kinase activity is maximal, such that its presumptive substrates, the minichromosome maintenance (MCM) proteins, are phosphorylated in an Hsk1-dependent manner ([@bib6; @bib45]). Six MCMs compose a DNA helicase complex that is recruited to replication origins and unwinds DNA duplex to promote replication fork progression. Although some other proteins, such as Mrc1 and Swi6, are suspected to be phosphorylated in a DDK-dependent manner ([@bib3; @bib38]), it is still unclear how DDK-dependent phosphorylation of these substrates is involved in the initiation of DNA replication. It remains, thus, to be established whether the regulation of S phase progression is the sole role of the DDK. For example, Hsk1 kinase is known to play an important role in chromosome segregation and gene silencing at heterochromatin independent of its requirement for S phase regulation ([@bib3]).

Canonical histone gene transcripts in lower eukaryotes and plants are polyadenylated and their accumulation is limited to S phase. In budding yeast, histone mRNA levels are short lived, resulting in their elimination when transcription is terminated at the end of S phase ([@bib30]). Various factors are known to be required for periodic transcription of histone genes. One such factor is HIRA, which is a highly conserved histone chaperone. Budding yeast HIRA is essential for repression of histone transcription outside S phase ([@bib37; @bib49]). The HIRA histone chaperone has also been reported to be involved in nucleosome assembly and the establishment of repressive chromatin ([@bib4; @bib12]). In fission yeast, HIRAs are encoded by two genes, *hip1*^+^ and *slm9*^+^ ([@bib4; @bib17]); high levels of histone mRNAs are maintained throughout the cell cycle in cells lacking these genes ([@bib1; @bib4; @bib42]). Recently, we reported that Ams2, a cell cycle-regulated GATA-type transcription factor ([@bib7; @bib8]), is also required for periodic expression of core histone genes at S phase ([@bib42]). Unlike HIRA, in the absence of Ams2, transcriptional activation of histone genes does not occur during S phase, leading to very low levels of histone transcription throughout the cell cycle. Ams2 protein appears to further promote centromeric localization of the centromere-specific histone H3 variant Cnp1 (the fission yeast CENP-A homolog) during S phase ([@bib43]). Ams2 protein accumulates on the nuclear chromatin when chromosomes are duplicated during S phase, whereas very little signal is detected during other phases of the cell cycle, including mid-to-late G2 and early M phase ([@bib7; @bib42]).

In this study, we explored the pathways underlying Ams2 protein oscillation during the cell cycle. Our results indicated that Ams2 is phosphorylated and degraded in an Hsk1 kinase- and ubiquitin-proteasome-dependent manner. Ams2 interacts with SCF^Pof3^, which is essential for cell cycle-dependent degradation of Ams2. Furthermore, Hsk1-Dfp1 associates with and phosphorylates Ams2 at specific sites. We will discuss the physiological significance of Hsk1- and SCF^Pof3^-mediated degradation of Ams2 for histone gene expression, cell viability, and specific chromatin structure at the centromere.

Results {#sec2}
=======

Ams2 Is Unstable throughout the Cell Cycle except in S Phase {#sec2.1}
------------------------------------------------------------

Our previous studies indicated that the *ams2^+^* gene is expressed periodically with a peak at G1/S phase, and accordingly its protein is detectable only during G1, S, and early G2 ([@bib7; @bib42]). A number of proteins with this pattern of cell cycle-specific oscillation are regulated not only transcriptionally but also posttranslationally, i.e., by proteolysis ([@bib2; @bib50]). To examine Ams2 protein stability at different stages of the cell cycle, cell extracts were prepared from strains blocked at specific points in the cell cycle with temperature-sensitive (ts) *cdc* mutations or hydroxyurea (HU) treatment. To facilitate a protein half-life assay for Ams2, each strain contained the pREP41-Ams2 plasmid, which carried the *ams2^+^* gene under the control of a thiamine-repressible *nmt41* promoter. These cells were cultured in minimal medium in the absence of thiamine at the permissive temperature (derepressed, 26°C), followed by shift-up to the restrictive temperature (36°C). Transcription and translation of Ams2 were simultaneously attenuated by adding thiamine and the protein synthesis inhibitor cycloheximide (CHX), respectively. Flow cytometric analysis to determine the DNA content confirmed that these cells were arrested at specific cell cycle stages (see [Figure S1](#app2){ref-type="sec"}C available online).

In asynchronous wild-type cell cultures consisting largely of G2 cells, Ams2 was extremely unstable, with a half-life of ∼20 min ([Figures 1](#fig1){ref-type="fig"}A and 1B). In *cdc10-129* G1-arrested cells, Ams2 protein was also degraded, although at a much slower rate than that in asynchronous cells. To investigate Ams2 stability at early S phase, cells were arrested with HU ([Figures 1](#fig1){ref-type="fig"}A and 1C) or by *cdc22-C11* mutation ([Figures S1](#app2){ref-type="sec"}A and S1B); as shown in these panels, Ams2 protein was substantially stabilized in early S phase cells. Ams2 in *cdc2-33* cells, mostly G2 arrest ([@bib29]), were degraded with similar kinetics to wild-type cells ([Figures 1](#fig1){ref-type="fig"}A and 1D), consistent with the data of asynchronous cultures. Ams2 was also unstable in *cdc25-22* G2 mutants ([Figures S1](#app2){ref-type="sec"}A and S1B). To examine Ams2 stability during M phase, *nda3-KM311* cold-sensitive mutant, defective in β-tubulin, was used. Most *nda3-KM311* cells were arrested at prometaphase after 14 hr incubation at the restrictive temperature, which was confirmed by visual inspection of their nuclear morphology (data not shown). As shown in [Figure 1](#fig1){ref-type="fig"}E, Ams2 protein in *nda3-KM311* cells was unstable and degraded rapidly. Taken together, these results indicated that Ams2 protein is unstable during G2 and M phase, partially stabilized in G1 phase, and stable during S phase.

Ams2 Is Stabilized in the Proteasome Mutants and Ubiquitylated In Vivo {#sec2.2}
----------------------------------------------------------------------

As the first step in exploring the mechanism of Ams2 proteolysis, we examined the role of the proteasome pathway in this process. In fission yeast, the *mts2^+^* and *mts3^+^* gene products have been identified as subunits of the 26S proteasome ([@bib36]). We used temperature-sensitive mutations *mts2-1* and *mts3-1* to inactivate proteasome function. Mutant cells carrying pREP41-Ams2 were cultured at the restrictive temperature (36°C) for 3 hr and Ams2 synthesis was repressed by addition of thiamine and CHX as described above ([Figure 2](#fig2){ref-type="fig"}A). Whereas Ams2 underwent rapid proteolysis in wild-type cells ([Figures 2](#fig2){ref-type="fig"}A and 2B, open circles), degradation of Ams2 was markedly decreased in arrested *mts2-1* (filled circles) and *mts3-1* (data not shown) cells. These observations indicated that Ams2 proteolysis requires the proteasome-dependent pathway.

We next examined ubiquitylation of Ams2, again via *mts2-1* and *mts3-1* mutants. To visualize conjugated ubiquitin, these strains were transformed with pREP1-His6-ubiquitin or pREP1-HA-ubiquitin plasmid. After incubation for 3 hr at the restrictive temperature, His-tag-ubiquitylated proteins were purified and the resulting extracts were blotted with Ams2 antibody. As shown in [Figure 2](#fig2){ref-type="fig"}C and [Figure S2](#app2){ref-type="sec"}, a characteristic smear pattern was seen in the His-ubiquitin lanes (lanes 1 and 3). Control cells expressing HA-ubiquitin did not show any bands (lanes 2 and 4), confirming the specificity of pull down. Note that, as expected, ubiquitylated Ams2 was more abundant in *mts2-1* or *mts3-1* than in wild-type cells ([Figure 2](#fig2){ref-type="fig"}C; [Figure S2](#app2){ref-type="sec"}). Immunoblotting with ubiquitin antibody also showed similar results (data not shown). These results demonstrated that Ams2 is ubiquitylated in vivo.

Ams2 Is Degraded via the SCF^Pof3^ Ubiquitin Ligase {#sec2.3}
---------------------------------------------------

We next examined the ubiquitin ligase responsible for Ams2 proteolysis. There are two ubiquitin ligases that regulate cell cycle progression, APC/C and SCF ([@bib32; @bib33]). As reported previously ([@bib42]) and described above (see [Figure 1](#fig1){ref-type="fig"}), Ams2 protein is newly synthesized in G1/S phase, covalently modified in S phase, and degraded during the subsequent G2 phase. Because APC/C is likely to be inactive during G2 phase, we examined whether SCF is required for Ams2 degradation. Ams2 protein stability was measured with an HA-tagged Skp1 shut-off strain ([@bib50]). When Skp1 expression was repressed by adding thiamine, Ams2 protein was stable and detected until 120 min after CHX treatment ([Figure 3](#fig3){ref-type="fig"}A, +Thiamine). In contrast, Ams2 was degraded quickly in the absence of thiamine (−Thiamine), i.e., in the presence of Skp1. Note that the S phase cyclin Cig2, which is a substrate of SCF ([@bib50]), was also stabilized in the absence of Skp1. These results suggested that SCF is responsible for Ams2 proteolysis.

Fission yeast contains 18 ORFs encoding F-box proteins ([@bib14]). Three of these F box proteins, Pop1, Pop2, and Pof3, play crucial roles in cell cycle progression and coordination ([@bib18; @bib46]). The half-life of Ams2 was examined with deletion mutants of each of these F box protein genes. The results indicated that Ams2 was stabilized in the *pof3* deletion mutant, but not in *pop1* or *pop2* mutants ([Figure 3](#fig3){ref-type="fig"}B; [Figure S3](#app2){ref-type="sec"}). Consistent with Ams2 stabilization in *pof3* deletion mutant, immunoblotting with asynchronous cell extracts revealed that Ams2 protein was more abundant in *pof3* mutant than in wild-type cells ([Figure 3](#fig3){ref-type="fig"}C). To confirm the accumulation of Ams2 protein in *pof3* cells throughout the cell cycle, Ams2 protein was visualized with C-terminal GFP-tagged Ams2. The intensity of the Ams2-GFP signal was markedly stronger in *pof3* mutant cells than in wild-type controls. Furthermore, the Ams2-GFP signal was clearly visible even during late G2 phase in *pof3* mutant cells, whereas it was visible only during G1/S phase and early G2 phase in wild-type cells ([Figure 3](#fig3){ref-type="fig"}D; [@bib7]); the frequency of uninucleate cells (corresponding to G2 phase) displaying nuclear Ams2-GFP signals was increased to 63% in the mutant compared with only 30% in wild-type cells ([Figure 3](#fig3){ref-type="fig"}D). This result substantiated the suggestion that Pof3 is required for Ams2 proteolysis.

Finally, if Ams2 were a substrate for SCF^Pof3^, Pof3 would bind Ams2. Immunoprecipitation was performed with nontagged wild-type or Pof3-13myc cells. Ams2, as well as Skp1, coimmunoprecipitated with myc antibody in the presence of Pof3-13myc but not in its absence ([Figure 3](#fig3){ref-type="fig"}E). Taken together, the results shown here support the suggestion that SCF^Pof3^ is an E3 ubiquitin ligase responsible for cell cycle-dependent degradation of Ams2.

Ams2 Is Phosphorylated In Vivo {#sec2.4}
------------------------------

Phosphorylation of substrates is required for many F box proteins to recognize individual substrates ([@bib31]). Moreover, our previous study showed that Ams2 protein migrates as two forms on gel electrophoresis, in which a faster migrating form appears first coincident with a peak of histone gene expression and is replaced by slower migrating forms, which disappear thereafter ([@bib42]). These observations strongly suggest that Ams2 is phosphorylated during S phase. To examine this point further, Ams2-HA was precipitated with HA antibody from HU-arrested cells, followed by λ-phosphatase (λ-PPase) treatment. We detected slower migrating forms of Ams2 ([Figure 4](#fig4){ref-type="fig"}A, lane 3), which were converted to a faster migrating form by λ-PPase treatment (lane 4). Importantly, a heat-inactivated phosphatase could not convert Ams2 banding patterns (lane 5), establishing that Ams2 is phosphorylated in vivo.

Visual inspection of the Ams2 amino acid sequence indicated the presence of two putative Cdc2 phosphorylation sites ([Figure 4](#fig4){ref-type="fig"}B, boxes and asterisks) with the consensus sequence S/T-P-X-K/R (where X is any amino acid). Interestingly, these two putative CDK sites are conserved in Ams2 homologs found in two other *Schizosaccharomyces* species (*Schizosaccharomyces japonicus* and *Schizosaccharomyces octosporus*, [Figure S4](#app2){ref-type="sec"}). There are two additional conserved sites with the sequence S/T-P ([Figure 4](#fig4){ref-type="fig"}B, asterisks; [Figure S4](#app2){ref-type="sec"}). We generated three types (M1, M2, and M3) of alanine-substituted mutants of Ams2 in corresponding threonine (T586) and serines (S492, S599, and S601) by site-directed mutagenesis. Expression of these mutants with episomal plasmids was able to rescue the slow growth of *ams2* deletion mutant cells (data not shown), indicating that none of these alanine substitutions are loss-of-function mutations. We then examined the half-lives of Ams2 alanine mutants, either alone or in combination. As shown in [Figure 4](#fig4){ref-type="fig"}C, each single Ams2 mutant (M1, M2, or M3) or combinations of M1 and M2 (M1&M2) were still unstable. However, three types of M3 mutant (M1&M3, M2&M3, and M1&M2&M3) showed substantial stabilization ([Figure 4](#fig4){ref-type="fig"}C).

Given the stabilization of a specific set of Ams2 alanine mutants, the phosphorylation status of each mutant was examined by immunoprecipitation as described above (see [Figure 4](#fig4){ref-type="fig"}A). As shown in [Figure 4](#fig4){ref-type="fig"}D, stabilized forms of Ams2 mutant proteins (M2&M3), but not unstable forms (M2 or M3), were hypophosphorylated, although there still appeared to be some residual phosphorylation (lanes 13, 14, and 15). Thus, Ams2 is phosphorylated in multiple sites that are required for its degradation, which is consistent with the suggestion that Ams2 is a target of SCF^Pof3^.

S Phase-Promoting Hsk1 Kinase Is Required for Degradation and Full Levels of Ams2 Phosphorylation {#sec2.5}
-------------------------------------------------------------------------------------------------

Having established that Ams2 is ubiquitylated and degraded by SCF^Pof3^ in a phosphorylation-dependent manner, we examined which protein kinase(s) is responsible for Ams2 phosphorylation. As mentioned above, two of the phosphorylation sites (T586 and S601) match the consensus CDK site. However, our data showed that Ams2 is still unstable in the *cdc2-33* mutant (see [Figures 1](#fig1){ref-type="fig"}A and 1D). This implies that protein kinase(s) other than Cdc2 is involved in Ams2 degradation. Accordingly, we focused on the Hsk1-Dfp1 (Cdc7/Dbf4) kinase, because its activity is high during S phase when Ams2 phosphorylation occurs (this study; [@bib7; @bib42]).

To address the involvement of Hsk1, we used a temperature-sensitive *hsk1-89* mutant that cannot form colonies at 30°C--32°C, but can grow at 25°C or 37°C ([@bib24]). The in vitro kinase activity of Hsk1-89 mutant protein was significantly impaired even at permissive temperatures ([@bib45]). Wild-type and *hsk1-89* cells were synchronized in S phase by HU treatment at 25°C or 37°C and immunoblotting with Ams2 antibody was performed. As shown in [Figure 5](#fig5){ref-type="fig"}A, unlike wild-type cells ([Figure 5](#fig5){ref-type="fig"}A, lanes 3 and 4), *hsk1-89* mutant cells showed only a faster migrating band of Ams2 at either temperature (lanes 5 and 6). Identical results were also obtained in the absence of HU treatment ([Figure S5](#app2){ref-type="sec"}A), indicating that hypophosphorylation of Ams2 in the *hsk1-89* mutant is not attributable to HU-induced S phase arrest, but is instead due to the deterioration of Hsk1 function per se. Despite this apparent lack of Ams2 band-shift, however, careful immunoprecipitation, followed by phosphatase treatment, showed that Ams2 is still phosphorylated in this mutant ([Figure 5](#fig5){ref-type="fig"}B, lanes 4, 5, and 6). These observations suggested that Hsk1-89 mutant protein has some residual activity. Alternatively, another kinase may be involved in Ams2 phosphorylation.

To test whether Ams2 degradation is dependent on Hsk1 function, Ams2 stability was examined by immunoblotting. Protein extracts were prepared form wild-type and *hsk1-89* mutant cells cultured at 37°C, where *hsk1-89* mutant cells kept growing with very little Hsk1 kinase activity. Whereas the slower migrating forms appeared in wild-type cells ([Figure 5](#fig5){ref-type="fig"}C, upper panel, arrows) that were mostly degraded within ∼30 min, no corresponding slower forms were observed in *hsk1-89* cells, and crucially Ams2 was significantly stabilized (lower panel). Taken together, these observations indicated that Ams2 is phosphorylated in an Hsk1-dependent manner during the cell cycle, which results in SCF^Pof3^- and proteasome-mediated ubiquitylation and degradation.

Ams2 Is Phosphorylated by DDK In Vitro {#sec2.6}
--------------------------------------

The observations outlined above strongly suggest that Hsk1 kinase directly phosphorylates Ams2. To assess this possibility, we first examined physical interaction between Ams2 and Hsk1-Dfp1 kinase by yeast two-hybrid assay ([Figure 5](#fig5){ref-type="fig"}D; [Figure S5](#app2){ref-type="sec"}B). Yeast cells expressing Hsk1 and Dfp1 showed strong β-galactosidase (β-gal) activity, consistent with their stable association. Notably, cells expressing Dfp1 and Ams2 also showed substantial β-gal activity, which indicated physical association of Ams2 with Dfp1. In contrast, Ams2 is unlikely to associate stably with Hsk1, because cells with Ams2 and Hsk1 did not show β-gal activity. These results suggest that Ams2 physically interacts with Hsk1 kinase through the Dfp1 subunit. Physical association of Ams2 with Hsk1-Dfp1 kinase was indeed confirmed by immunoprecipitation ([Figure 5](#fig5){ref-type="fig"}E); HA-tagged Ams2 was coimmunoprecipitated with FLAG-tagged Hsk1 and vice versa. It is of note that, because crosslinking by 1% formaldehyde treatment ([@bib3]) was required to detect coimmunoprecipitation, their interaction may be transient and/or unstable in vivo.

We next examined whether Hsk1 kinase phosphorylates Ams2 in vitro. For this purpose, the C-terminal fragment (aa 500--697) of wild-type and three types of mutant Ams2 (M2, M3, and M2&M3; see [Figure 4](#fig4){ref-type="fig"}B) were expressed and purified from bacteria. These Ams2 fragments were incubated with \[γ-^32^P\]ATP and Hsk1 immunopurified from fission yeast cells. As shown in the autoradiogram ([Figure 5](#fig5){ref-type="fig"}F, DDK), ^32^P was incorporated efficiently into the wild-type and M2 mutant Ams2 fragment (lanes 1 and 2, respectively), whereas the M3 and M2&M3 mutant fragments showed markedly reduced ^32^P incorporation (lanes 3 and 4, respectively). These results indicated that Hsk1 kinase phosphorylates Ams2 directly in vitro, and that at least one of the serine residues (S599 and S601) mutated in the M3 fragment is a major phosphorylation site.

Upregulation of Ams2 Results in Constitutive Histone Gene Expression and Cell Death {#sec2.7}
-----------------------------------------------------------------------------------

We sought to establish the physiological significance of cell cycle-dependent oscillation of Ams2 levels. In wild-type cells, constitutive expression of Ams2 from the plasmid pREP41-Ams2 induced a modest delay in cell division ([Figure 6](#fig6){ref-type="fig"}A, top panel); the doubling time was 3.8 hr in cells expressing Ams2, whereas it was 2.8 hr when Ams2 was repressed. Further induction with a stronger promoter (pREP1-Ams2) resulted in complete growth inhibition ([Figure 6](#fig6){ref-type="fig"}A, second panel, and [Figure 6](#fig6){ref-type="fig"}B). Neither pREP41-Ams2 nor pREP1-Ams2 plasmid retarded cell growth when the promoter was turned off ([Figure S6](#app2){ref-type="sec"}A). Consistent with Ams2 stabilization in the *hsk1-89* mutant ([Figure 5](#fig5){ref-type="fig"}C), pREP41-Ams2 impeded cell division in this mutant background ([Figure 6](#fig6){ref-type="fig"}A, bottom). Therefore, Ams2 oscillation is important for proper cell proliferation and becomes particularly indispensable when Hsk1 activities are compromised.

As reported previously, the *ams2^+^* gene is required for cell cycle-regulated expression of core histone genes ([@bib42]). Therefore, we performed northern blotting to investigate how Ams2 overexpression interferes with core histone gene expression. For this purpose, we used various *cdc* mutations or HU treatment to prepare the cells at individual stages of the cell cycle and Ams2 was mildly overexpressed from pREP41-Ams2 in these cells. As shown in [Figure 6](#fig6){ref-type="fig"}C and [Figure S6](#app2){ref-type="sec"}B, all the core histone genes examined showed augmented expression by ectopic Ams2 (lanes 3 and 7). In the case of HU treatment, histone gene expression was already highly induced by HU alone (lane 6, OFF), and very little, if any, further induction, even lower than in the case of *cdc10* or *cdc2* mutants, was observed on overproduction of Ams2 (lane 5, ON), the reason of which remains currently unknown. In asynchronous cell population where most cells were in G2, constitutive expression of wild-type Ams2 as well as the M2&M3 mutant protein also increased the levels of histone expression (lanes 1 to 3 in [Figure 6](#fig6){ref-type="fig"}D). These results indicated that core histone genes are constitutively transcribed, irrespective of cell cycle stage by Ams2 overproduction. Surprisingly but consistent with the data presented earlier ([Figure 5](#fig5){ref-type="fig"}A), we found that the levels of histone mRNAs were elevated in *hsk1-89* mutant cells even in the absence of an exogenous Ams2-expressing plasmid (lanes 7 to 9 in [Figure 6](#fig6){ref-type="fig"}D). This result further supports our conclusion that phosphorylation by Hsk1 kinase downregulates Ams2 activity by triggering SCF-dependent proteolysis, which subsequently attenuates the expression of histone genes. It would be noteworthy that, in contrast to constitutive expression from pREP plasmids, expression of the M2&M3 mutant Ams2 from its native promoter did not affect the levels of histone expression ([Figure 6](#fig6){ref-type="fig"}E). Because the protein levels of the mutant and the wild-type Ams2 were not significantly different when they are transcribed from the native promoter (data not shown), we hypothesized that the amount of Ams2 protein is regulated by not only proteolysis but also by transcriptional control. Consistent with this hypothesis, the mRNA levels of M2&M3 mutant *ams2* decreased by 14% in comparison with that of wild-type *ams2^+^* (bottom panel in [Figure 6](#fig6){ref-type="fig"}E). Native *ams2^+^* transcription may be, thus, regulated by a negative feedback mechanism that maintains the appropriate expression levels of Ams2.

We next examined the effects of ectopically produced Ams2 on chromosome stability, because complete depletion of Ams2 causes severe chromosome instability. The rate of minichromosome loss was increased by more than 30-fold in cells constitutively producing Ams2 ([Figure 6](#fig6){ref-type="fig"}F). This result suggests that reduction of Ams2 level outside S phase is required for faithful chromosome transmission. Interestingly, it has been reported that *hsk1-1312* thermosensitive mutation also caused severe chromosome instability ([@bib39]), which appears consistent with our finding that inactivation of Hsk1 stabilizes Ams2. We presumed that ectopic expression of Ams2 impairs the centromere chromatin structure, which was examined as described below.

Overproduction of Ams2 Interferes with Central Centromere Structures {#sec2.8}
--------------------------------------------------------------------

The chromatin structure of the central centromere in fission yeast is distinct from that in other regions, by which micrococcal nuclease (MNase) digestion exhibits unstructured smeared patterns instead of regular nucleosomal ladders ([@bib13; @bib41]). We showed previously that this central centromere-specific chromatin structure is impaired in the absence of Ams2, converting to the ladder patterns ([@bib7]). Given the constitutive expression of histone genes and chromosome instability induced by Ams2 overproduction, we examined the chromatin structure of the centromere under these conditions. As shown in [Figure 7](#fig7){ref-type="fig"}A, Ams2 overproduction resulted in the appearance of nucleosomal ladders at the central centromere region (*cnt*) in parallel with those seen in *ams2^+^* deletion mutants. Note that normal smeared patterns emerged when episomal Ams2 expression was repressed or an empty vector was introduced into the cells. Prolonged induction of Ams2 led to more pronounced ladder patterns (20 hr).

To determine how Ams2 overproduction affects nucleosome composition at the central centromere region, we performed chromatin immunoprecipitation (ChIP) assay with Cnp1, H3, and H4 antibodies. Unlike normal conditions where negligible levels of canonical H3 are found in *cnt* (see control cells without exogenous Ams2 expression \[Vec and Ams2-OFF\] in [Figure 7](#fig7){ref-type="fig"}B, IP:H3, cnt), Ams2-overproducing cells contained significant amounts of H3. Despite this, the amount of Cnp1 in this region was unaffected by Ams2 overproduction (IP:cnp1, cnt). In parallel with the increase in level of H3, incorporation of H4 was also enhanced substantially (IP:H4, cnt). This observation implied that ectopic Ams2 promotes additional incorporation of canonical H3/H4 nucleosomes into the *cnt* region. This effect appears not to be specific to the centromere, because we found that the *act1^+^* gene, which was used as a control for euchromatin, exhibited similar increases in H3 and H4 loading (IP:H3, H4, act1). Therefore, it is possible that Ams2 overproduction enhances the amount of core histone binding to DNA throughout the entire genome. Nevertheless, we envisage that aberrant centromere chromatin structures are likely to be a reason, if not the sole reason, for chromosome instability resulting from Ams2 overproduction. It is worth noting that despite the abnormal structure of *cnt* chromatin, gene silencing at the centromere appeared to be less affected in Ams2-overproducing cells ([Figure S7](#app2){ref-type="sec"}), the reason for which was not investigated further. The presence of Cnp1 may be sufficient for gene silencing in this region.

Taken together, we propose that cell cycle-dependent gene expression and proteolysis of Ams2, mediated by Hsk1 kinase and SCF^Pof3^ ubiquitin ligase, play vital roles in the maintenance of genome integrity. Any perturbation in Ams2 levels would lead to chromosome instability and structural alterations in the centromere regions.

Discussion {#sec3}
==========

The fission yeast GATA factor Ams2 is required for periodic expression of histone genes and is expressed only during G1/S phase. However, the mechanism of Ams2 protein oscillation and its physiological significance are not understood. In this study, we showed that Ams2 levels are regulated not only transcriptionally but also posttranslationally via the ubiquitin-proteasome pathway. We found that Ams2 is unstable during G2 and M phase, partially stabilized in G1 phase, and stable during S phase. We then explored the pathways responsible for the periodic fluctuations in Ams2 protein level. Our findings can be summarized as follows. (1) Ams2 binds SCF^Pof3^ and is stabilized in *pof3* or *skp1* cells. (2) Ams2 is a cell cycle-dependent phosphoprotein and mutant hypophosphorylated Ams2 protein (M2&M3) is stabilized. (3) Hsk1-Dfp1 kinase, the activity of which is required for Ams2 phosphorylation and proteolysis, physically interacts with and phosphorylates Ams2 in vitro. (4) Ectopic expression of Ams2 leads to constitutive histone gene expression and alterations in nucleosome composition at the central centromere, which result in genome instability ([Figure 7](#fig7){ref-type="fig"}C).

Hsk1 Kinase Promotes Phosphorylation and Degradation of Ams2 {#sec3.1}
------------------------------------------------------------

To ensure the integrity of the genome, Ams2 must be degraded rapidly once S phase completes DNA replication. Surprisingly, proteolysis of Ams2 is triggered by Hsk1-dependent phosphorylation, which is widely viewed as an S phase-promoting kinase. Hsk1 has been reported to phosphorylate various proteins required for DNA replication, such as MCM, ORC, and primase ([@bib10; @bib20]), although the physiological significance of their phosphorylation remains obscure. To our knowledge, this is the first report showing that DDK-dependent phosphorylation regulates stability of a protein that is apparently not involved in DNA synthesis directly. Hsk1-DDK, therefore, may not only promote DNA replication but also destabilize proteins and play an important role in the integrity of histone organization via phosphorylation-mediated proteolysis of Ams2. It should be noted that earlier studies by Forsburg\'s group predicted late-S phase roles of Hsk1 other than initiation of DNA replication ([@bib39]). Our finding of the Hsk1 role in histone expression control may substantiate their prediction.

Phosphorylation of Ams2 by Cell Cycle-Promoting Kinases {#sec3.2}
-------------------------------------------------------

In vitro kinase assay clearly demonstrated that Ams2 is a substrate for Hsk1-DDK. M3 mutation (S599A and S601A) abolished Ams2 phosphorylation by DDK, so it is presumed that at least either S599 or S601 is phosphorylated by this kinase. Although the M2 mutation (T586A) was phosphorylated by DDK in vitro as efficiently as wild-type Ams2, we assume that T586 is also phosphorylated in vivo, because Ams2 was stabilized only when both the M2 and the M3 mutations were introduced into the cells, and single M3 mutant Ams2 still underwent phosphorylation-mediated SCF-dependent proteolysis ([Figure 4](#fig4){ref-type="fig"}C). Although the kinase responsible for Ams2 phosphorylation at T586 has not yet been identified, this unidentified kinase is likely to be activated by Hsk1-DDK, because *hsk1-89* single mutation was sufficient for full stabilization of Ams2 ([Figure 5](#fig5){ref-type="fig"}C). Intriguingly, T586 of Ams2 is within the CDK consensus site ([Figure 4](#fig4){ref-type="fig"}B). Therefore, it is possible that Ams2 destruction is coordinately regulated by CDK and S phase promoting DDK. It is notable that S601 also constitutes the CDK phosphorylation site. One attractive possibility is that DDK acts as a priming kinase for CDK that subsequently phosphorylates T586 and S601.

Ams2 Is a Target of SCF^Pof3^ Ubiquitin Ligase {#sec3.3}
----------------------------------------------

F box Pof3 plays a critical role in the maintenance of genome integrity ([@bib18]). *pof3* deletions induce spontaneous DNA damage and impinge on gene silencing at heterochromatin, including the centromere. A role for Pof3 in S phase progression was implied previously when we showed that SCF^Pof3^ binds Mcl1, a Polα-associated protein (a homolog of budding yeast Ctf4 and human AND-1) ([@bib21; @bib48]). Mcl1 is required for appropriate S phase propagation, chromosome segregation, and importantly, centromere structures ([@bib21; @bib28; @bib48]), reminiscent of the defective phenotypes exhibited by misregulation of Ams2 levels or Pof3 deletions. Because upregulation of Ams2 level does not recapitulate all of the phenotypes of *pof3* deletions, it is likely that Ams2 is not the sole target, but is one of multiple targets of SCF^Pof3^. It is of note that in budding yeast the Pof3 homolog Dia2 is recently shown to associate with Ctf4 on the replication fork, by which this F box protein is intimately involved in the progression of DNA replication ([@bib19; @bib25; @bib27]). Understanding how S phase progression and post-S phase events are coordinated in the cell via Hsk1- and SCF^Pof3^-mediated pathways would be the next step of our study.

Ams2 Level Plays a Key Role in Genome Stability {#sec3.4}
-----------------------------------------------

We have shown that both the constitutive presence and the absence of Ams2 led to malfunctioning of the central centromere and global cell division defects ([Figures 6 and 7](#fig6 fig7){ref-type="fig"}; [@bib7; @bib43]). Cell cycle oscillation of Ams2 levels, therefore, appears to be essential for maintenance of centromere integrity. Consistent with these suggestions, ChIP analysis and MNase digestion demonstrated that ectopic expression of Ams2 results in aberrant chromatin, which consists of a mosaic of H3/H4 and Cnp1/H4 nucleosomes, at the central centromere. Interestingly, it has been reported that mutations in *hsk1*^+^ or *pof3*^+^ gene severely impaired chromosome stability ([@bib18; @bib39]). Defects in Ams2 proteolysis might cause, at least in part, chromosome instability in these mutants.

Although upregulation of Ams2 leads to constitutive expression of canonical histones, it is unlikely that abnormal histone expression itself impairs the chromatin structure at the central centromere; although deletion of *hip1^+^* and *slm9^+^* genes results in elevated histone expression outside S phase in fission yeast ([@bib4; @bib42]), deletion of these HIRA genes does not impair the chromatin structure at the central centromere ([@bib4]). Instead, HIRA deletion derepresses expression of marker genes embedded in pericentromeric heterochromatin, which is normally silenced in the wild-type cell ([@bib11]). Therefore, we postulated that ectopically produced Ams2 promotes not only expression of canonical histones but also the deposition of canonical nucleosomes into the central centromere in cell cycle phases other than S phase. As reported previously ([@bib42]), Ams2 promotes the deposition of Cnp1/H4 nucleosomes at the centromere core in S phase. Although it remains to be clarified as to how the Cnp1/H4 nucleosomes are specifically incorporated by Ams2, presumably ectopic Ams2 exhibits promiscuous substrate specificity, and therefore may impose incorporation of canonical histones into the central centromere.

Concluding Remarks {#sec3.5}
------------------

Although obvious Ams2 homologs have not been identified in either budding yeast or metazoans, this is probably ascribable to the high rate of drift of Ams2 sequences during evolution, as even among *Schizosaccharomyces* species (*S. pombe*, *S. japonicus*, and *S. octosporus*), Ams2-related proteins have diverged very rapidly (28% identity, [Figure S4](#app2){ref-type="sec"}). In all organisms examined to date, canonical histone genes are transcribed in a cell cycle-dependent manner, peaking at G1/S phase ([@bib22; @bib30]). Our results established that cell cycle-dependent expression of histone genes is crucial for proper cell division and genome integrity. To achieve this oscillatory pattern, the fission yeast has evolved a regulatory network, which consists of the transcription factor Ams2, Hsk1-DDK, and SCF^Pof3^-mediated ubiquitin-proteasome pathways. Because DDK is a universal S phase kinase, we envisage that the regulatory pathways described here may be functionally conserved through evolution.

Experimental Procedures {#sec4}
=======================

*S. pombe* Strains, Media, and Genetic Methods {#sec4.1}
----------------------------------------------

The yeast strains used in this study are listed in [Table S1](#app2){ref-type="sec"}. The general techniques and media used for manipulation of fission yeast were described previously ([@bib21; @bib26; @bib43]). Experiments were performed at 33°C unless otherwise stated. Micrococcal nuclease digestion assay and ChIP assay were performed as described in [@bib41] and [@bib43].

Analysis of Ams2 Protein Stability {#sec4.2}
----------------------------------

Wild-type, *cdc10-129, cdc2-33, cdc25-22*, and *mts2-1* cells carrying pREP41-Ams2 (wild-type) or alanine mutant plasmids were grown in the absence of thiamine overnight at 26°C, followed by temperature shift up to 36°C for 3.5 hr. For HU treatment, wild-type cells carrying pREP41-Ams2 plasmid were grown in a similar manner and HU (12 mM) was added upon temperature shift-up. Wild-type and *nda3-KM311* cells carrying pREP41-Ams2 plasmid were grown overnight at 33°C, followed by temperature shift down to 20°C for 14 hr. Then, 2 μM thiamine and 100 μg/ml CHX (time 0) were added to all these cultures. For experiments shown in Figures [3](#fig3){ref-type="fig"}B and [5](#fig5){ref-type="fig"}C, only 100 μg/ml CHX were added (time 0) to wild-type and *pop1*, *pop2*, *pof3*, and *hsk1-89* cells. Cells were harvested at indicated time points and cell extracts were prepared as described previously ([@bib21; @bib42]) and immunoblotting with Ams2 antibody was performed.

Protein Quantification {#sec4.3}
----------------------

ImageJ software (v.1.37, NIH) was used to quantify Ams2 protein levels. α-tubulin (detected by TAT-1 antibodies, kindly provided by Dr. Keith Gull, Oxford University, UK) was used as a loading control.

Detection of Ams2 Ubiquitylation {#sec4.4}
--------------------------------

Ubiquitylation analysis was performed as described by [@bib44]. His6-tagged ubiquitin (His-Ub) or HA-tagged ubiquitin (HA-Ub) under the *nmt1* promoter was overproduced in a wild-type strain or a proteasome-defective *mts2-1* or *mts3-1* mutant. These cells were precultured at 26°C in the minimal EMM2 liquid media containing 2 μM thiamine, resuspended in EMM2 without thiamine, and grown overnight, and the cultures were shifted to 36°C for 3 hr. For preparation of cell lysates, the cells were washed with buffer I (10 mM Tris-HCl \[pH 7.5\], 100 mM Na phosphate, 0.1% NP40, 10 mM Imidazole, 6 M Guanidine-HCl) and broken by vortexing with glass beads, and the lysates were cleared by centrifugation at 13,000 × g for 10 min. Cell lysates were incubated for 4 hr at room temperature with the TALON beads (BD bioscience Clontech, Palo Alto, CA), and washed twice with buffer I and 4 times with buffer II (10 mM Tris-HCl \[pH 7.5\], 100 mM Na phosphate, 0.1% NP40, 10 mM Imidazole, 1 mM PMSF). Ams2 protein pulled down with the beads was detected by immunoblotting with Ams2 antibody.

Coimmunoprecipitation {#sec4.5}
---------------------

Yeast cell (YAP61-1 and *mts3-1*, [Table S1](#app2){ref-type="sec"}) extracts were prepared in RIPA lysis buffer (50 mM Tris-HCl \[pH 7.5\], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) according to the standard method described previously ([@bib26]). Soluble proteins (22 mg) were incubated with anti-myc antibody-coupled affinity resin (Covance), followed by SDS-PAGE and immunoblotting. For coimmunoprecipitation of Ams2 and Hsk1, we modified a previously published method ([@bib3]). Cells were crosslinked with 1% formaldehyde for 1 hr on ice then broken by glass beads in HB buffer (25 mM Tris-HCl \[pH 7.5\], 15 mM EGTA, 15 mM MgCl~2~, 300 mM NaCl, 60 mM β-glycerophosphate, 15 mM *p*-nitrophenylphosphate, 1 mM DTT, 0.1% NP40, 0.5 mM Na~3~VO~4~, 0.1 mM NaF, 1 mM PMSF, and 1 × Complete Mini EDTA-free; Roche Diagnostics). Extracts were then treated with DNaseI (Takara, 700U) and subjected to immunoprecipitation.

Detection of Phosphorylated Ams2 and Phosphatase Treatment {#sec4.6}
----------------------------------------------------------

Cell lysates were prepared in HB buffer broken by vortexing with glass beads. The cleared lysates (1 mg of protein) were incubated with HA antibodies (12CA5; Roche) for 2 hr at 4°C followed by addition of Dynabeads anti-mouse IgG (Dynal Biotech). After incubation, the beads were washed 4 times with PBS and incubated for 30 min at 30°C in the presence of 200 units of λ-phosphatase (New England Biolabs) or with heat-denatured phosphatase. The beads were then washed with PBS, and samples were run on a 6% SDS-polyacrylamide gel, followed by immunoblotting with appropriate antibodies.

In Vitro Phosphorylation Assay {#sec4.7}
------------------------------

Immunoprecipitation of Dfp1/Hsk1 (DDK) was performed essentially as described previously ([@bib5]). Yeast cell (SP4024, [Table S1](#app2){ref-type="sec"}) lysates were prepared with glass beads in lysis buffer (50 mM HEPES \[pH 7.8\], 10% glycerol, 10 mM sodium β-glycerophosphate, 50 mM NaF, 1 mM Na~3~VO~4~, 1 mM PMSF, mammalian protease inhibitor cocktail; Sigma). NaCl (250 mM) and 0.05% Tween-20 were added and incubated for 5 min after lysis. The extracts were spun to clarify and then incubated with anti-FLAG M2 affinity gel (A2220; Sigma) for 2 hr. After washing three times with lysis buffer plus salt and Tween-20, the beads were eluted with 3 × FLAG peptide (Sigma). In vitro DDK assay was carried out as described previously ([@bib16]).

Microscopy {#sec4.8}
----------

Fluorescence microscopy was performed with a Zeiss Axioplan microscope, a chilled video charge-coupled device camera (C4742-95; Hamamatsu Photonics), and the Volocity 3.1 software (Improvision Inc.) and processed with Adobe Photoshop version 7.0.1.

Minichromosome Loss Assay {#sec4.9}
-------------------------

The minichromosome loss assay was performed as described previously ([@bib40]). The cells containing Ch10-CN2 minichromosome were precultured in thiamine-containing EMM2 liquid medium without adenine. Cells were then plated on thiamine-lacking EMM2 plates supplemented with leucine (7 mg/L) and adenine (2.5 mg/L). The numbers of total colonies and red colonies (Ade-) were counted after 4 day incubation at 33°C.

Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures, Seven Figures, and One Table
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![Ams2 Protein Is Stable during S Phase\
(A) Stability of the Ams2 protein at various stages of the cell cycle. The experimental scheme is shown in the upper panel. Wild-type, *cdc10-129*, and *cdc2-33* cells carrying the plasmid pREP41-Ams2 were treated with thiamine and CHX (time 0). Protein samples were prepared at the indicated time points. Immunoblotting was performed with Ams2 (upper) and TAT-1 (lower) antibodies. See also [Figure S1](#app2){ref-type="sec"}.\
(B--D) Quantification of Ams2 protein stability. Band intensities of Ams2 shown in (A) were quantified by normalization relative to α-tubulin signals. Relative intensity at time 0 was set as 100% in each panel.\
(E) Ams2 stability during M phase. The experimental scheme is shown in the top panel. Relative intensities are shown for wild-type (open circles) and *nda3-KM311* (closed circles) cells.](gr1){#fig1}

![Ams2 Is Polyubiquitylated and Degraded by the Proteasome Pathway\
(A) Stabilization of Ams2 in the proteasome mutant. Wild-type and *mts2-1* cells carrying pREP41-Ams2 were grown and cell extracts were prepared as in [Figure 1](#fig1){ref-type="fig"}. The data for wild-type were adopted from [Figure 1](#fig1){ref-type="fig"}A. See also [Figure S1](#app2){ref-type="sec"}.\
(B) Quantification of Ams2 protein stability. Band intensities of Ams2 were measured and normalized as in [Figure 1](#fig1){ref-type="fig"}.\
(C) Ubiquitylation of Ams2. Episomal His6-ubiquitin (His-Ub, lanes 1 and 3) and HA-ubiquitin (HA-Ub, lanes 2 and 4) were expressed in wild-type (lanes 1 and 2) and *mts2-1* (lanes 3 and 4) cells. Ubiquitylated proteins were purified, followed by immunoblotting with Ams2 antibody. See also [Figure S2](#app2){ref-type="sec"}.](gr2){#fig2}

![Ams2 Is Degraded via SCF^Pof3^ Ubiquitin Ligase\
(A) Stabilization of Ams2 in a Skp1 shut-off strain. Cells containing thiamine-repressible *nmtP3-HA-skp1^+^* were grown in the absence of thiamine and cultures were divided into two parts at time 0. CHX was added to both cultures, while thiamine was added to one part (± Thiamine). Immunoblotting was then performed with Ams2, Cig2, HA, and α-tubulin antibodies.\
(B) Stabilization of Ams2 in *pof3* mutants. Wild-type, *pop1*, *pop2*, or *pof3* cells were treated with CHX (time 0). Ams2 stability was analyzed by immunoblotting with anti-Ams2 (upper). Cdc2 levels were used as a loading control. See also [Figure S3](#app2){ref-type="sec"}.\
(C) Elevated levels of Ams2 in *pof3* mutants. Protein extracts were prepared from wild-type and *pof3* cells whose *ams2*^+^ gene was tagged by HA epitope. Ams2 protein levels were measured by immunoblotting with HA antibody (upper). Cdc2 levels were used as a loading control (lower).\
(D) Accumulation of Ams2-GFP in the absence of Pof3. Wild-type (left) and *pof3* cells (right) containing Ams2-GFP expressed under the endogenous promoter were fixed in formaldehyde, and GFP signals were examined under fluorescence microscopy. Exposure time was the same for both strains. The percentages of uninucleate cells showing nuclear Ams2-GFP signals were counted (n \> 200 cells). Note that *pof3* mutant cells were longer than wild-type controls because of DNA damage checkpoint-dependent G2 delay ([@bib18]). Scale bar represents 10 μm.\
(E) Physical interaction between Ams2 and Pof3. *mts3-1 pof3^+^-13myc* (+) or *mts3-1* (−) cell lysates were immunoprecipitated with anti-myc antibody-coupled affinity resin. Precipitated proteins were detected by immunoblotting with myc, Ams2, and Skp1 antibodies.](gr3){#fig3}

![Phosphorylation of Ams2 Renders the Protein Unstable\
(A) Phosphorylation of Ams2. Cell extracts prepared from untagged wild-type (no-tag) or HA-tagged (Ams2-HA) cells were immunoprecipitated with anti-HA, followed by incubation with λ-PPase (lanes 2 and 4) or heat-denatured λ-PPase (lane 5).\
(B) Schematic representation of phosphorylation motifs in Ams2. Vertical black lines show zinc finger motifs. Amino acid sequences are shown with the corresponding sequences of Ams2 homologs from different *Schizosaccharomyces* species. S.p., *S. pombe*; S.j., *S. japonicus*; S.o., *S. octosporus*. Identical amino acids (gray shaded), phosphorylation motifs (asterisks), and Cdc2 phosphorylation consensus motifs (boxes) are shown. See also [Figure S4](#app2){ref-type="sec"}.\
(C) Stabilization of alanine-substituted Ams2 proteins. Wild-type cells carrying pREP41-Ams2 or Ams2 alanine mutants were grown in the absence of thiamine. Experiments were performed in a manner similar to that described in [Figure 1](#fig1){ref-type="fig"} except that cultures were incubated at 33°C.\
(D) Reduced phosphorylation of alanine-substituted Ams2 mutants. Cells containing alanine-substituted Ams2-HA expressed under the endogenous promoter were arrested at S phase by HU. Cell extracts were immunoprecipitated with HA antibody and treated with λ-PPase (lanes 2, 5, 8, 11, and 14) or heat-denatured λ-PPase (lanes 3, 6, 9, 12, and 15).](gr4){#fig4}

![Hsk1 Is a Major Kinase Required for Ams2 Phosphorylation\
(A and B) Reduced phosphorylation of Ams2 in the *hsk1* mutant.\
(A) Exponentially growing cultures of the indicated strains were incubated for 5 hr at 25°C or 37°C in the presence of HU. Immunoblotting was performed with Ams2 (upper) or TAT-1 (lower) antibodies. See also [Figure S5](#app2){ref-type="sec"}A.\
(B) Cell extracts prepared from wild-type or *hsk1-89* were immunoprecipitated with HA antibody and treated with λ-PPase (lanes 2 and 5) or heat-denatured λ-PPase (lanes 3 and 6). Immunoblotting was performed with Ams2 antibody.\
(C) Hypophosphorylated Ams2 is stabilized in the *hsk1* mutant. Wild-type and *hsk1-89* cells were incubated for 3 hr at 37°C, followed by CHX treatment. Slow migrating forms evident only in wild-type cells are indicated by arrows.\
(D) Ams2 interacts with Dfp1. The indicated plasmids were introduced into L40 and three independent transformants were assayed for β-galactosidase activity. See also [Figure S5](#app2){ref-type="sec"}B.\
(E) Ams2 coimmunoprecipitates with Hsk1-Dfp1. Protein extract was prepared from cells expressing FLAG-tagged Hsk1 and HA-tagged Ams2 and immunoprecipitation was performed with FLAG or HA antibodies after formaldehyde crosslinking. Precipitated proteins were detected by immunoblotting with individual antibodies.\
(F) Ams2 is phosphorylated by DDK. In vitro kinase assay was performed and reaction proteins were separated on SDS-PAGE and detected by autoradiography. As substrates, His-tagged fusion proteins were visualized by Coomassie blue staining (CBB). The arrow indicates the position of the full-length Ams2 fusion proteins.](gr5){#fig5}

![Ams2 Overproduction Leads to Constitutive Expression of Histone Genes in Wild-Type Cells and Is Deleterious in the *hsk1-89* Mutant\
(A) Ams2 overproduction results in cell toxicity. Wild-type cells containing pREP1, pREP41, pREP1-Ams2, or pREP41-Ams2 were grown on minimal medium plates in the absence of thiamine for 3 days at 33°C. The *hsk1-89* mutant cells containing pREP41 or pREP41-Ams2 were grown on minimal medium plates in the absence of thiamine for 4 days at 26°C. See also [Figure S6](#app2){ref-type="sec"}A.\
(B) Growth curve of Ams2 overproduced cells. Wild-type cells carrying pREP1 or pREP1-Ams2 were grown in minimal medium in the presence (OFF) or absence (ON) of thiamine at 33°C. At the indicated times, aliquots were withdrawn to count cell numbers.\
(C) Overproduced Ams2 leads to cell cycle-independent histone gene expression. Wild-type (WT), *ams2*, *cdc10-129*, and *cdc2-33* cells carrying pREP41-Ams2 plasmids grown in the absence (Ams2 ON) or presence (Ams2 OFF) of thiamine at 26°C were shifted to 36°C for 3 hr or HU was added concomitant with temperature shift-up. The expression levels of histone *H2A^+^*, *H2B^+^*, *H3^+^*, *H4^+^*, *act1^+^*, and *ams2^+^* genes were examined by northern blotting. See also [Figure S6](#app2){ref-type="sec"}B.\
(D) Levels of histone mRNAs increase in asynchronous cells expressing alanine-substituted Ams2 mutant proteins and *hsk1* mutant cells. The expression levels of histone *H2A^+^*, *H2B^+^*, *H3^+^*, *H4^+^*, and *act1^+^* genes were examined by northern blotting. Total RNA samples were prepared from wild-type cells carrying pREP41, pREP41-Ams2, or pREP41-Ams2 M2&M3 and grown in the absence of thiamine (left panel). In the right panel, samples were prepared from wild-type or *hsk1-89* cells incubated for 4 hr at 26°C, 30°C, or 37°C.\
(E) Levels of histone and *ams2^+^* mRNAs in asynchronous cells expressing alanine-substituted (M2&M3) Ams2 mutant proteins from its native promoter. Total RNA samples were prepared from cells whose genomic *ams2*^+^ ORF was replaced with either *ams2*^WT^-HA or *ams2*^M2&M3^-HA, and the expression levels of histones, *act1*^+^, and *ams2*^+^ genes were examined by northern blotting. The amount of *ams2^+^* mRNA were quantified with a phosphorImager (Typhoon 9410 imager, GE Healthcare) and normalized against that of *act1*^+^ mRNA.\
(F) Minichromosome loss assay. Wild-type or Ams2-induced (pnmt81-Ams2) cells carrying Ch10-CN2 minichromosome were spread on minimal medium plates containing appropriate supplements (low concentration of adenine) without thiamine and incubated for 4 days at 33°C. Data are shown as means ± SD from six independent experiments.](gr6){#fig6}

![Overproduction of Ams2 Disrupts Central Centromere Structures\
(A) The overall centromere structure (chromosome I) is depicted with the *cnt* probe used (bar). Chromatin fractions were prepared from wild-type cells carrying pREP1 or pREP1-Ams2 in the presence (OFF) or absence (ON) of thiamine (18 hr induction, 4 gels on the left; 20 hr induction, gels on the right). These samples were treated with MNase for 0, 1, 2, 5, 10 (4 gels on the left), and 20 min (right), followed by agarose gel electrophoresis (EtBr) and Southern blotting with the central centromere probe (cnt).\
(B) Abnormal H3 localization at the central centromere cells. Cell extracts were prepared from wild-type cells carrying pREP1 or pREP1-Ams2 in the presence (OFF) or absence (ON) of thiamine (18 hr induction). DNAs coimmunoprecipitated with cnp1, H3, or H4 antibodies were quantified by real-time PCR with *act1* and *cnt2* probes. The amount of each immunoprecipitated DNA was divided by that of the corresponding whole-cell extract DNA after background titration. See also [Figure S7](#app2){ref-type="sec"}.\
(C) Model explaining how histone levels and central centromere structures are maintained via Hsk1- and SCF^Pof3^-mediated degradation of Ams2. In wild-type cells (top), Ams2 accumulates only during G1 and S, which maintains both cell cycle-dependent histone stoichiometry and a proper balance between Cnp1/H4 (C, orange circles) and H3/H4 (3, blue circles). On the other hand, when Ams2 is overproduced (e.g., *hsk1-89*), excess Ams2 induces cell cycle-independent synthesis of histones, leading to centromere malfunction and chromosome instability.](gr7){#fig7}
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